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 Microfl uidics, a toolbox comprising methods for precise 
manipulation of fl uids at small length scales (micrometers 
to millimeters), has become useful for manipulating cells. 
Its uses range from dynamic management of cellular 
interactions to high-throughput screening of cells, and 
to precise analysis of chemical contents in single cells. 
Microfl uidics demonstrates a completely new perspective 
and an excellent practical way to manipulate cells for 
solving various needs in biology and medicine. This 
review introduces and comments on recent achievements 
and challenges of using microfl uidics to manipulate and 
analyze cells. It is believed that microfl uidics will assume 
an even greater role in the mechanistic understanding of 
cell biology and, eventually, in clinical applications. 
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  1. Introduction 

 Microfl uidics typically refers to the precise control of minute 

amounts of fl uids using micro-scale structures. [  1  ]  Its con-

cept dates back to 1970s [  2  ]  and starts to become popular in 

1990s [  3  ,  4  ]  as a form of miniaturized platforms for bio-analysis. 

Microfl uidics, mainly relying on its small scale, could create 

numerous new opportunities to manipulate and analyze 

cells. [  5  ]  The inherent advantages of scale effect on micro-

fl uidics include: 1) Suitable scale. The size of channels and 

structures in microfl uidic chips usually ranges from several 

to hundreds of micrometers, a scale close to that of cells 

allowing convenient manipulations of cells. 2) Unique fl uidic 

phenomena. Various fl uidic phenomena under small scale like 

laminar fl ow and microscale droplet could implement many 

manipulations that are hard or impassible for conventional, 

macroscopic methods to achieve. Besides, hydrodynamics 

might provide a label-free means to screen cells. 3) Integra-

tion of multiple functions. It is straightforward to fabricate 

multiple microstructures with high density. Although it does 

not always lead to multi-functionality, the capability of inte-

gration of multi-structures shows huge potential to integrate 

multiple functions in parallel or cascade. Therefore, it is pos-

sible to transform complex procedures, for example single-

cell analysis, into a simple run on microfl uidic chips. 4) Large 

surface area. Microfl uidic chips often possess much larger 

surface-to-volume ratio than conventional apparatus, facili-

tating surface-dependent applications like capturing cells by 

affi nity. All these advantages make microfl uidics a compelling 

workhorse to carry out unprecedented scientifi c investiga-

tions and reveal profound biological insights. [  6–8  ]  

 Microfl uidics has been applied in many aspects of cell 

biology, and reviewed in a number of excellent papers with 

focused emphasizes. [  9–13  ]  However, this fi eld has developed 

quickly during the last years with many new achievements, 

which deserves a newer review with a specifi c perspective. 

 Due to constrained space, we will mainly focus on four 

subfi elds among the diverse achievements in microfl uidics: 

Cell Patterning, Microenvironment Patterning, Cell Screening 

and Single-Cell Analysis. ( Figure    1  ). Section 2 shows the spa-

tial and temporal manipulation of cells and extracellular 

matrixes; Section 3 describes the efforts in microfl uidics to 

screen cells with enhanced sensitivity and throughput; Section 

4 demonstrates the integrated steps of single cells analysis on 

microfl uidic chips. We also feel it is necessary to introduce 

how to maintain cell viable in microfl uidic channel in a long 

period in Section 5. We expect to provide typical examples, 

recent feats, and challenges of microfl uidics in manipulating 

cells to new scientists in this fi eld as well as others in relevant 

fi elds.    

 2. Cell and Microenvironment Patterning 

 We use “cell patterning” to refer to the confi nement of indi-

vidual or a group of cells to rational, predesigned geometrical 

shapes, while we use “microenvironment patterning” to refer 

to the spatio-temporal control of various environmental 

cues surrounding the cells. The cell and microenvironment 
10 www.small-journal.com © 2013 Wiley-VCH 
patterning allows constructing  in vitro  models to mimic and 

investigate  in vivo  cellular processes and cell-cell interac-

tions, such as cellular apoptosis, [  14  ]  differentiation, [  15  ]  and 

signaling, [  16  ]  for investigating tissue regeneration, [  17  ,  18  ]  

cancer invasion, [  19–23  ]  neuronal development, [  24,25  ]  and drug 

screening. [  26–30  ]  

 To pattern cells and microenvironment, there is an iconic 

method in microfl uidics, laminar fl ow patterning (LFP), [  31–33  ]  

which is a representative fl uidic phenomenon in microfl u-

idic channels governed by viscous force dominating over 

inertial force. Laminar fl ow of multiple streams could pat-

tern cells, [  34–36  ]  various soluble cues, [  37–45  ]  as well as tempera-

ture. [  46  ]  Although laminar fl ow shows strong capabilities of 

patterning, [  47  ]  the distance of patterning is limited, because 

transverse diffusion would obscure the interface between 

each stream after certain distance (typically  <  2 cm). [  48  ]  

Besides the limited distance, there are also challenges in 

patterning that should be dealt with, such as diverse shapes, 

dynamic control of cell adhesion, constructing alterable 

microenvironment, as well as generating patterns in 3D. 

These challenges are crucial to manipulating cells in demand 

and for mimicking physiological process. We discuss current 

achievements in microfl uidics to tackle these challenges in 

Sections 2.1 and 2.2.  

 2.1. Cell Patterning  

 2.1.1. Microchannel Patterning 

 Microfl uidic channels could pattern cells on a surface in 

shapes of microchannels with micrometer precision. [  49  ,  50  ]  

After adhesion of cells (different cells in different micro-

channels), peeling off microfl uidic channels could lead in 

predesigned co-culturing, this is especially useful for studying 

cell-cell interactions. Compared with Transwell, a commonly 

used device to study cell-cell interactions, microfl uidics ena-

bles patterning on a surface and thus real-time observations. 

We employed this method to investigate the pathogenesis 

of endometriosis that is closely involved with interactions 

between endometrial stromal cells (ESCs) and human perito-

neal mesothelial cells (HPMCs). [  59  ]  
Verlag GmbH & Co. KGaA, Weinheim small 2013, 9, No. 1, 9–21
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 Patterning inside microchannels is also an important

topic. Specifi c structures, [  51  ,  52  ]  DNA hybridization, [  53  ]  sur-

face chemistry like electrochemical desorption of thiol, [  54–56  ]

photoliable polymer [  57  ]  and photo-tunable azobenzenes, [  58  ]

could create versatile patterns within microchannels, serving

as a set of powerful tools. Kitamori  et al.  employed a pho-

toliable polymer to control the size of cell pattern, which

could maintain for 5 weeks. [  57  ]  We placed a perforated poly-

dimethylsiloxane (PDMS) membrane between the patterned

surface and microfl uidic channels to pattern multiple types

of cells ( Figure    2  A). [  60  ]  This approach allows patterning of

multiple types of cell for the mimicry of wound healing. An

extension of this work is to selectively damage cells with low

osmotic pressure, and to study how the epithelial cell are

covered from lateral channels. [  61  ]  The other effective way of

microchannel patterning is to construct particular regions by

microwells within microchannels, and capture and culture

multiple cells, such as hepatocytes and embryonic stem cells

(Figure  2 B). [  62  ]   

 The dynamic control of the location and motility of cells

on a surface could offer more versatility and become increas-

ingly important for tissue engineering and pharmacological

screens. [  47  ,  63  ]  We combined microchannel patterning and sur-

face chemistry to pattern cells to mimic three kinds of cell-

cell interactions in one platform: [  64  ,  65  ]  1) both kinds of cells

are kept confi ned; 2) one cell can migrate while another is

restricted and immobile; 3) two types of cells can move freely.

The stimulation of multiple  in vivo  scenarios of cell-cell

interactions could enable modeling of complex physiological

processes.   

 2.1.2. Patterning in 3D 

 Patterning cells on 2D surfaces is signifi cant for fundamental

cell biology research, but is limited in mimicking key physi-

ological structures in 3D. We developed a stress-induced

rolling membrane (SIRM) to transfer patterns of live cells

on 2D surfaces into blood vessel-like 3D tubular structures

(Figure  2 C). [  66  ]  The PDMS scaffold using SIRM contributes

to the stability of the biomimetic blood vessel. Because of

the high structural similarity to many tubular tissues and the

stability of the tubular shape, this artifi cial tube has great

potential to mimic both normal and pathological blood

vessels. 

 Patterning cells in 3D hydrogels is of great signifi cance to

model  in vivo  physiologic conditions. Assembling cells into

hydrogel [  67–72  ]  could provide deep insights into cancer inva-

sion and angiogenesis. Fabricating microfl uidic chips with

hydrogel is impressive for mimicking the vasculature. [  73  ,  74  ]

However, the microfl uidic biomimetic vasculature is hard to

realize controlled structure and cytocompatibility simultane-

ously, which prevents from mimicking vasculature-involved

physiological functions like mass transfer between vessel and

tubule.    

 2.2. Microenvironment Patterning 

 Microfl uidics could not only be used for manipulating cells,

but also for constructing and regulating their surrounding
© 2013 Wiley-VCH Verlag Gmbsmall 2013, 9, No. 1, 9–21
microenvironment with the refi ned controlling of both sol-

uble and mechanical cues.  

 2.2.1. Soluble Cues 

 The delivery of chemical stimuli to cells is extremely helpful 

to obtain profound insights into cell-cell and endocellular 

processes. Microfl uidics could directly deliver soluble cues to 

a specifi c subgroup of cells or part of single cells. Ismagilov 

 et al.  employed LFP to treat specifi c regions (tens of micron) 

on a plant root ( Arabidopsis thaliana ) with a plant hormone 

auxin derivative (Figure  2 D). [  42  ]  This platform could reveal 

the mechanism of plant hormone-mediated root develop-

ment and apply to many other aspects of root biology. Wu 

 et al.  delivered plasmids to transfect different fl uorescence 

proteins to different locations within single Cos-7 cells. [  45  ]  This 

work enables studies of cell behaviors with two exogenous 

transfections in the same culture. 
11www.small-journal.comH & Co. KGaA, Weinheim
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     Figure  1 .     Microfl uidics could contribute to manipulating cells in the following aspects: cell 
and microenvironment patterning, cell screening and single cell analysis. Either aspect greatly 
benefi ts from the intrinsic merits of microfl uidics.  
 In addition to precise delivery to certain locations, micro-

fl uidics could also form gradients to mimic the natural physi-

ological distribution of signal molecules across tissues. [  75–77  ]  

We developed a microfl uidic network for serial dilution [  78  ]  

and a folded microfl uidic network integrated with several 

chaotic advective mixers to generate molecular gradient. [  79  ]  

Next, we constructed a modular microfl uidic chip for gener-

ating arbitrary gradients. [  80  ]  The modular components of the 

microfl uidic chip involve distributors, combiners, resistors 

and collectors, which connect with tubes into a network. This 

chip enabled real-time manipulation of gradient profi les, and 
www.small-journal.com © 2013 Wiley-VCH Verlag GmbH & Co. KGaA,

     Figure  2 .     Isolation of CTCs on microfl uidic chips. A) One CTC (enlarged in inset) adheres to th
Reproduced with permission. [  128  ]  Copyright 2008, Nature Publishing Group; B) Schematic i
microfl uidic device to trap CTCs with chaotic mixer to enhance effi ciency and sensitivity. Rep
operation of ensemble-decision aliquot ranking. Reproduced with permission. [  100  ]  D) Capture CTC
with permission. [  117  ]  Copyright 2012, The Royal Society of Chemistry.  
a simple implementation for non-special-

ists. Wu and Zare  et al.  employed agarose 

hydrogel to build various complex and 

static gradients of diffusible molecules in 

static solutions along microfl uidic chan-

nels. [  81  ]  Another example of microfl uidics 

in patterning soluble cues is to develop a 

periodically changed culturing environ-

ment (Figure  2 E), [  82–84  ]  which is extremely 

useful to develop synthetic gene oscillator 

and its entrainment.   

 2.2.2. Mechanical Cues 

 Cells can impose forces on extracellular 

microenvironments, and mutually sense 

surrounding mechanical cues. [  85  ]  The 

mechanical cues can lead to the initiation 

of signal pathways and the alteration of 

gene expressions and functions of cells. [  86  ]  

The typical mechanical cues include 

stretching, shear stress, and rigidity of sub-
strate. Microfl uidics could reconstruct these cues to cells in a 

precise and real-time manner. [  87–89  ]  

 Stretching cells is usually realized by pulling the deform-

able substrate where cells are attached to. We constructed 

a microfl uidic device to observe cells being stretched in 

real-time under a 63 ×  oil objective. [  90  ]  Such high magnifi ca-

tion allows the resolution of single actin fi brils, but previous 

methods of stretching did not allow the real-time observa-

tion under such magnifi cation because they required longer 

observing distance that that of microscopic objectives at 

this magnifi cation. The device was employed for studying 
 Weinheim

e anti-body coated post in a microfl uidic channel. 
llustration of the confi guration and operation of 
roduced with permission. [  139  ]  C) Schematics and 
s by vertices in microfl uidic channels. Reproduced 

small 2013, 9, No. 1, 9–21



Microfl uidics for Manipulating Cells
molecular dynamics in the process of mechantransduction. 

Huh  et al.  devised a microfl uidic chip to mimic the distention 

of alveoli of the human lung during inhalation. Their results 

show the stretching could accentuate the toxic and infl amma-

tory responses of the cells to silica nanoparticles. [  91  ]  

 Another type of mechanical stimulation to cells is shear 

stress that infl uences cell adhesion, cytoskeletal alignment, 

as well as gene expressions. [  92  ]  Microfl uidic devices could 

generate a range of shear stresses over two orders of mag-

nitude to cells, [  93  ]  and study the response of mesenchymal 

stem cells (MSCs). [  94  ]  Due to the rather comlex mechanical 

environment  in vivo,  [  95  ]  an ideal  in vitro  mechanical stimula-

tion model must mimic multiple forces acting on the cells. We 

reported a microfl uidic device to combine both shear stress 

and stretch to mimic hemodynamic microenvironment of 

blood vessels. [  96  ]  

 The rigidity of cell adherent substrate has important 

implications on development and differentiation of cells. [  97  ]  

Chen  et al . observed cells would migrate to stiffer regions of 

substrate. [  98  ]  LeDuc  et al.  employed microfl uidic channel to 

pattern alternative rigidities on substrate. Their results show 

that localized rigidity would restrict the outgrowth and orien-

tation of neurite in differentiating neuroblasts. [  99  ]      

 3. Cell Screening 

 The screening of cells is of particular interest, extremely 

important in cell biology and often the fi rst step in routine 

clinical assays. It is also a challenging task. The most widely 

used apparatus in cell screening is fl ow cytometry. But this 

technique has some drawbacks such as high cost, mechanical 

complexity, diffi culty for maintaining, large sample volume, 

and insensitivity to some rare cells. The microfl uidic chips have 

great potential to address these challenges and have become 

useful for both clinical and fundamental applications. 

 The principles of cell screening employed in microfl u-

idics are diverse. Some works applied fl uorescence-activated 

sorting to microscale for miniaturizing conventional fl ow 

cytometry on microfl uidic chips. [  100–102  ]  Other employed prin-

ciples include dielectrophoresis, [  103,104  ]  magnetic force, [  105–108  ]  

fi ltration, [  109  ,  110  ]  and droplets. [  111–114  ]  Droplet in microfl uidic 

chips is a high throughput method and could vastly con-

tribute to cell screening. 

 Besides, microfl uidics has two inherent advantages to 

screen cells: large surface-to-volume ratio and hydrody-

namic effect. The large surface-to-volume ratio of microfl u-

idic chips enable the highly effi cient capture of cells by using 

antibody, [  127–129  ]  DNA-aptamer [  130–132  ]  dendrimer [  133  ]  and 

imprinted structure. [  134–136  ]  Nanostructures [  137  ,  138  ]  and appro-

priate turbulence [  139–141  ]  could assist in improving the effi ciency 

of capture. Hydrodynamic effects could rapidly sort cells by 

their different physical properties, such as size and density, and 

consequent fl uidic behaviors of cells in fl uid fl ow. [  115–126  ]  This 

method provides the opportunity to isolate cells from others in 

continuous fl ow and in a label-free manner. 

 To compare the current methods for isolating cells, we 

use a table to document them in four aspects: enrichment, 

throughput, effi ciency and purity ( Table    1  ). According to this 
© 2013 Wiley-VCH Verlag Gmbsmall 2013, 9, No. 1, 9–21
table, affi nity-based capture affords the highest capture effi -

ciency (of 100%), while the hydrodynamic effect provides the 

highest enrichment (of 3  ×  10 6 ) and purity (of 100%).  

 In the following sections (3.1  ∼  3.3), we would mainly 

introduce the current application-specifi c development of cell 

screening in terms of targeting cells: cancer cells and blood cells.  

 3.1. Cancer Cells 

 Circulating tumor cells (CTCs) exist in the peripheral blood of 

cancer patients, but are extremely rare, accounting for approxi-

mately 1  − 10  of all blood cells. [  142  ,  143  ]  The detection of CTCs could 

indicate metastatic diseases of cancers, providing information 

regarding cancer diagnosis and prognosis. However, conven-

tional methods for isolating rare CTCs involve laborious proce-

dures and expensive instruments, such as CellSearch, with lack 

of specifi city and effi ciency because of the low levels of CTCs 

and the variable expression of marker molecules on CTC sur-

face. Microfl uidic chips have become an increasingly important 

platform to separate CTCs from normal cells. [  132  ,  144–147  ]  

 Toner  et al.  developed microfl uidic chips with dense 

arrays of microposts coated with anti-epithelial cell adhesion 

molecule (EpCAM), an antibody to CTCs ( Figure    3  A). [  128  ]  

They identifi ed and isolated viable rare CTCs from periph-

eral whole blood samples of patients of metastatic lung, pros-

tate, pancreatic, breast and colon cancer in 115 of 116 (99%) 

clinical samples and with 50% purity. Wang and Tseng  et al.  
demonstrated that silicon nanopillars coated with EpCAM 

could improve the trapping of CTCs in artifi cial blood. [  138  ]  

They integrated it with a microfl uidic chaotic mixer to further 

enhance the effi ciency and sensitivity, and thus the perform-

ance of trapping (Figure  3 B). [  139  ,  141  ]  The mixing could induce 

vertical fl ow that signifi cantly improves the frequency of 

cell-substrate interaction, allowing the capture of more than 

95% of CTCs in real patient samples. Chiu  et al.  developed 

an approach of ensemble-decision aliquot ranking (eDAR) 

to isolate CTCs from breast cancer patients [  100  ]  in a side-by-

side comparison with a commercialized product CellSearch 

(Figure  3 C). [  148  ]  The spontaneously generated vortices on 

microfl uidic chips could also isolate CTCs (Figure  3 D), fea-

turing automated preparation of cell sample, as a potential 

alternative to standard bench-top centrifuge.    

 3.2. Blood Cells 

 Blood cell is a combination of multiplex subgroups of cells, 

including red blood cells (RBCs), platelets and white blood 

cells (WBCs). For only WBCs, it could be further divided into 

5 classes: neutrophils, lymphocytes, monocytes, eosinophils 

and basophils. The wide diversity of cell types is a challenge 

that restricts and interferes the extracting of information 

from one specifi c type of cells. [  149  ]  Therefore, the isolated cells 

from blood should be as pure as possible. 

 Microfl uidics has been employed in separation of blood 

plasma, [  150  ,  151  ]  erythrocyte, [  122  ,  152  ,  153  ]  platelets, [  121  ,  154  ]  and leu-

kocytes. [  155  ]  All these works achieve adequate effi ciency of 

isolation that could satisfy downstream analysis like PCR. 
13www.small-journal.comH & Co. KGaA, Weinheim
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   Table  1.     Screening of cells on microfl uidic chips. 

Types Principles a)  Fold of Enrichment Throughput b)  Capture Effi ciency Purity c)  Ref.

 Bombyx mori D, E – 125  ±  40 cells/s – –  [  111  ] 

CTC A 135 300 nL/s 83  ±  9% 96%  [  130  ] 

CTC A – 1 ml/40 min 96  ±  4% –  [  129  ] 

CTC D, F – 25–80 ul/min 100–85% 10–50%  [  100  ] 

CTC A, N – 1 ml/h 95% –  [  139  ] 

CTC A, M – 10 mL/h 90–86% –  [  108  ] 

CTC A – 600 nl/s 95%  ∼ 81%  [  132  ] 

CTC H 3  ×  10 6 5 mL/min 20%  ∼ 40%  [  117  ] 

CTC H 3.25  ×  10 5 2.8  ×  10 4  cells/s  ∼  80% –  [  122  ] 

 E.  coli H 300 5.7  ×  10 4  cells/s 62% 99.87%  [  120  ] 

 E.  coli F 83–90 44 cells/s 50%  ∼ 100%  [  157  ] 

 E.  coli E  ∼ 1000  ∼ 4  ×  10 3  cells/s – 4-34%  [  158  ] 

 E.  coli M 500  ∼ 2.8  ×  10 5  cells/s – 90%  [  106  ] 

 E.  coli E, M 900  ∼ 7  ×  10 3  cells/s – 95%  [  104  ] 

 E.  coli D, E – 300–2000 droplets/s 99% 99%  [  112  ] 

Leukocyte H 34 136 pl/s – –  [  155  ] 

Lymphocytes 

(B cells)

A 600 100  μ L/min – 99%  [  127  ] 

Lymphocytes 

(Jurkat T cell)

H 1  ×  10 4 160 cells/s 70–80% 94  ±  3%  [  123  ] 

Nucleated 

cells

H 45.75  ±  2.5 5 nl/s 94  ±  4.5% 90–99%  [  119  ] 

Neurons H –  ∼ 1.7  ×  10 4  cells/s 90% 60–70%  [  161  ] 

Platelet H 100 1 ml/min – 90–100%  [  121  ] 

RBC, WBC H – 1  ×  10 6  cells/s 94% (RBC) 

86% (WBC)

97% (RBC) 

88% (WBC)

 [  156  ] 

Yeast D, F – 2000 droplets/s – –  [  113  ] 

Yeast D, H – 1  × 10 4  droplets/s – 97%  [  114  ] 

    a) A = affi nity; D = droplets; E = dielectrophoresis; F = Fluorescence; H = hydrodynamics; M = Magnetism; N = Nanostructures;  b) the unit of throughput cannot to be unifi ed due to the different samples in 

literatures;  c) some values are calculated or estimated based on the data in literatures by the authors.   
One excellent work of microfl uidics in blood cells screening is 

to separate and count RBCs and WBCs in a high throughput 

manner. [  156  ]  The microfl uidic chip has 256 straight parallel 

channels that make the sampling rate as extremely high as 

one million cells per second. 

 Another challenge in isolating blood cells is to maintain 

the immune-phenotype of leukocytes, since they can rap-

idly respond to the alteration of the environment. The opti-

mization of the design of microstructures [  109  ]  and soft fl uid 

force [  120  ]  may minimize this defect. 

 Apart from cancer and blood cells, the versatile applica-

bility of microfl uidics is also refl ected in the screening of  E. 
coli , [  104  ,  106  ,  120  ,  157  ,  158  ]  embryonic bodies (EBs), [  159  ]  neurons, [  160  ,  161  ]  

fungi [  162  ]  and embryonic kidney cells (HEK293). [  163  ]     

 4. Single Cell Analysis 

 The analysis of biochemical contents, such as protein, [  164  ]  

DNA and RNA, [  165  ]  in single cells, is critical for the under-

standing of cellular processes. [  166  ]  Unlike conventional 
www.small-journal.com © 2013 Wiley-VCH Ve
analysis for a batch of cells, single-cell analysis could avoid 

the loss of information associated with ensemble averaging, 

and thus refl ect important variations in a cellular popula-

tion. Microfl uidics has the ability to streamline the complex 

analysis procedures with rapid, accurate, and cost-effective 

on-chip operation and [  167  ]  multiplexed measurements. [  168  ,  169  ]  

The sections (4.1 and 4.2) will review challenges and achieve-

ments of microfl uidic single-cell analysis in two aspects: high-

throughput and trapping.  

 4.1. High-Throughput 

 High throughput is important to provide population statis-

tics to exclude rare events, but it is a challenge to maintain 

single-cell precision in a high-throughput manner, especially 

for batch apparatuses. The current high-throughput micro-

fl uidic approaches include multiple parallel microchan-

nels, [  170  ]  microfl uidic image cytometry (MIC) [  171–173  ]  and 

droplets. [  174–176  ]  Xie  et al.  achieved a screening rate of  ∼  4000 
rlag GmbH & Co. KGaA, Weinheim small 2013, 9, No. 1, 9–21
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     Figure  3 .     A) Patterning multiple cells by microfl uidic channels and perforated PDMS membrane for studying wound healing. Reproduced with 
permission; [  60  ]  B) Docking cells with microfl uidic channel for multiphenotype cell arrays. Reproduced with permission. [  62  ]  Copyright 2005, The 
Royal Society of Chemistry; C) Stress-induced rolling membrane (SIRM) for transferring 2D cell patterning to 3D tubule-like structure, having intima 
composed of endothelial cells, media of smooth muscle cells, as well as adventitia of fi broblast. Reproduced with permission; [  66  ]  D) Schematics of 
microfl uidic platform for regional chemical stimulate to a live  Arabidopsis  root. The right image (scale bar 75 mm) shows the streamlines around 
the root segment. [  42  ]  Copyright 2010, The Royal Society of Chemistry; E) The design of a microfl uidic chip to create sinusoidal perturbations in the 
glucose (Glu) concentration while maintaining constant background levels of galactose (Gal). Reproduced with permission. [  82  ]  Copyright 2008, 
Nature Publishing Group; F) Schematics and photograph of integrated bubble-trap microfl uidic device for long-term cell culture. Reproduced with 
permission. [  218  ]  Copyright 2010, The Royal Society of Chemistry.  
cells in 25s ( Figure    4  A). [  170  ]  Mathies  et al.  generated 3.4  ×  10 6  

droplets per hour and detect one pathogenic  E. coli  O157 cell 

from a background of 10 5  normal K12 cells. [  174  ]   

 Another challenge for single cells analysis is to trap 

single-cell of interest from a swarm of cells, and represents 

a prerequisite to single-cells analysis. The next section (4.2) 

would introduce four typical means for trapping single cells 

on microfl uidics chips ( Table    2  ).    

 4.2. Cell trapping  

 4.2.1. Microarray 

 One method to trap single cells in microfl uidics is the micro-

array composed of multiple replicated microstructures. The 

microarrays usually have U-shaped structures with opti-

mized parameters for trapping. [  177–182  ]  Some studies demon-

strated the effi ciency of trapping could be 95% [  183,184  ]  (Figure 

 4 B) and 97%. [  185  ]  These platforms also enable single cell 

co-culture [  186  ,  187  ]  and on-site analysis of the concentration, 

kinetics and inhibition of enzymes in single cells. [  188  ,  189  ]    
© 2013 Wiley-VCH Verlag Gmsmall 2013, 9, No. 1, 9–21
 4.2.2. Integrated Valve 

 The second way to trap single cells is to employ pneumatic 

valves integrated in microfl uidic chips. [  190–193  ]  One advan-

tage of integration is that the contents in cells are separated 

before detection. [  194  ,  195  ]  The separated bands of chemical 

contents in single cells could be compartmentalized in 

droplets to avoid dilution and the loss of separated com-

ponents. [  196  ]  Zare and colleagues designed and fabricated 

a cell dock to gently trap single cells for analyzing cellular 

viability and Ca 2 +   fl ux. [  190  ]  They developed a novel valve 

having three states, open, close and half-open, to replace a 

number of conventional two-state vales and minimize the 

fi nal reaction volume to a mere 70 pL. [  191  ]  They further sep-

arated and analyzed low-copy-number proteins in individual 

cells. [  197  ]  Wang  et al.  employed pneumatic valves to revers-

ibly trap and release a small group of cells with high poten-

tial to apply to single cells. [  198  ]  The trapping of cells could 

also circumvent effl ux problem for analyzing the stochastic 

expression of enzymes in single molecule level in individual 

cells (Figure  4 C). [  199  ]    
15www.small-journal.combH & Co. KGaA, Weinheim
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     Figure  4 .     A. Microfl uidic chip with multiple parallel channels for screening bacteria. Reproduced with permission. [  170  ]  Copyright 2010, American 
Association for the Advancement of Science; B) Optical graphs and merged fl uorescent images of single-cell trapping array.Reproduced with 
permission. [  183  ]  Copyright 2011, American Chemical Society; C) Integrated valves for analyzing low-copy number proteins in single cells. 
Reproduced with permission. [  197  ]  Copyright 2007, American Association for the Advancement of Science; D) Microfl uidic droplet integrated with 
multi-step manipulation. Reproduced with permission. [  208  ]  Copyright 2011, American Chemical Society; E) Non-adherent Jurkat cells captured by 
DNA barcode. Reproduced with permission. [  211  ]  Copyright 2009, The Royal Society of Chemistry.  
 4.2.3. Droplet 

 The third method to trap single cells is droplet encapsula-

tion. [  200–205  ]  Droplet is an intriguing fl uidic phenomenon, 

being discrete volumes with the use of immiscible in micro-

channels. [  206  ,  207  ]  Fang and Yao  et al.  developed a microfl uidic 

droplet platform for implementing multistep solid extrac-

tion for analyzing single-cell enzyme activity and DNA 

purifi cation (Figure  4 D). [  208  ]  Other works employed micro-

fl uidic droplet to trap and analyze subcellular organelles like 

mitochondria. [  209  ]    

 4.2.4. Surface Chemistry 

 In section 2.1.1, we introduced that surface chemistry could 

assist in cell patterning. [  54–56  ,  58  ]  When patterning size is down 

to single-cell level, [  57  ]  surface chemistry could be a benefi cial 

and effi cient way to trap single cells. Mathies  et al . devel-

oped two methods based on RGD peptide and ssDNA to 

capture single cells fl owing over gold strip in microfl uidic 

channels. [  175  ,  210,211  ]  ssDNA could capture non-adherent cells, 

such as primary T cell and Jurkat cells. [  211  ]      
www.small-journal.com © 2013 Wiley-VCH Ve
 5. Long-Term Culture 

 Long-term culture enables prolonged (tens of days) observa-

tion and investigation of cellular processes on microfl uidic 

chips. [  212  ]  However, it confronts several challenges, two of 

which will be reviewed as follows. 

 One challenge for long-term culture is the constant supply 

of nutrients and removal of metabolic wastes. Levchenko 

 et al.  employed narrow microfl uidic channels to restrict the 

movement of cells while allowing the diffusion of nutrients 

and soluble cues. [  213  ]  This confi guration realized a chemo-

stat for growing cell colonies to high densities in expanded 

periods of time. Quake  et al.  and Takayama  et al.  employed 

movable components (including integrated PDMS valves and 

Braille displays) to ensure sustained nutrient supply. [  214–216  ]  

The former method also prevents the formation of biofi lm 

and thus enables the observation of dynamics of cellular den-

sity. Considering the drawbacks of PDMS, Ren and Wu devel-

oped a whole Tefl on chip that could provide both excellent 

anti-fouling surface and gas permeability for long-term cell 

culture. [  217  ]  Most importantly, Tefl on chip they manufactured 
rlag GmbH & Co. KGaA, Weinheim small 2013, 9, No. 1, 9–21
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   Table  2.     Comparison of methods for single-cell trapping on microfl uidic chips. 

Target Trapping method Trapping effi ciency Throughput Function/Suitability Ref.

 E. coli  O157 Droplet  ∼ 20%  ∼ 95 cell/s Gene analysis  [  174  ] 

 E. coli Integrated Valve –  ∼ 160 cells/s Proteome and Transcriptome  [  170  ] 

M1WT3 CHO cells Surface Chemistry 63  ±  9% in 30 min – Chemical stimuli  [  210  ] 

90  ±  5% in 60 min

Pheochromocytoma cell (PC12) Droplet 47% – DNA purifi cation  [  208  ] 

Jurkat cells Microarray 95% 800 cells per one 

trap

Chemical stimuli  [  183  ] 

T-cell lymphoma cell line (EG7) Microarray 97% – Lineage tracking  [  185  ] 

U937 cells Droplet – 100 droplets/s Screening drug  [  201  ] 
is elastic and transparent, representing huge potential to 

complement PDMS valves in many cases. 

 The other challenge to achieve long-term culture is the 

accumulation of air bubbles during the perfusion of medium 

into microfl uidic chips, which would isolate cells in the air 

from liquid and eventually prevents from long-term culturing 

of cells. We reported a technology of integrated bubble trap 

(IBT) (Figure  2 F). [  218  ]  IBT is easy to fabricate, does not inter-

fere with continuous fl uid fl ow and allows MC 3T3 E1 cells to 

grow over 10 days under continuous fl ow.   

 6. Summary and Outlook 

 In summary, the energetic exploitation of inherent advantages 

of microfl uidics results in the unprecedented achievements in 

manipulation and analysis of cells. There have been exciting 

achievements from analyzing low-copy number proteins in 

single cells, to high-throughput screening at one million cells 

per second and to constructing dynamic microenvironment. 

Such feat would signifi cantly boost both fundamental biolog-

ical studies and specifi c clinical applications. As microfl uidics 

becomes increasingly useful for manipulating cells, there are 

some challenges that require much endeavor to clear the way 

for further development. 

 One challenge is the choice of materials to fabricate 

microfl uidic chips. Most of works introduced in this review 

employed PDMS. [  219  ]  Although PDMS is cytocompatible, 

elastic and offers rapid prototyping capabilities, it differs a lot 

from polystyrene (PS) that is commonly used in cell culture 

experiments. Some drawbacks of PDMS should be carefully 

considered when employing it for studying cells, such as the 

absorption of small hydrophobic molecules. [  220  ]  Furthermore, 

the batch fabrication of PDMS-based microfl uidic chips has 

not yet been realized. [  221  ]  Novel techniques of chemical and 

physical modifi cation to PDMS should be possible to make 

PDMS-based microfl uidic chip more suitable for studying 

cells. [  222  ]  Alternatively, engineering methods to integrate 

PS into microfl uidic chips or just developing novel mate-

rials would be worth of more exploitations. The transparent 

and elastic Tefl on microfl uidic chip show defi nite promise in 

addressing this challenge. [  217  ]  

 Another challenge is the method to operate microfl u-

idic chips. Currently, most of microfl uidics chips are diffi cult 
© 2013 Wiley-VCH Verlag Gmbsmall 2013, 9, No. 1, 9–21
to operate for untrained personnel, and normally requires 

external equipments. To be adopted by common biology 

laboratories, some of microfl uidic chips should be as easy as 

multi-well plate or centrifuge to operate. 

 Regardless of these challenges, the future of microfl u-

idics seems rosy and promising. Microfl uidic chips for cell 

screening possess notable merits in miniaturization and auto-

mation, and thus could underpin the development of per-

sonalized medical devices. Notably, microfl uidic chips made 

in hydrogel could serve as novel tissue scaffolds with capa-

bilities to mimic vasculature, which is a long-standing issue in 

tissue engineering and regenerative medicine. [  223  ,  224  ]  

 At last, we would like to emphasize that the deep cooper-

ation between biologists, chemists, engineers and clinicians is 

the key for utilizing microfl uidics to solve biological/medical 

problems in real world.  
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